Abs?ruct-The time pattern of intracranial pressure (ICP) in response to typical clinical tests (i.e., bolus injection and bolus withdrawal of 1 to 4 mL of saline in the craniospinal space) was studied in 18 patients with acute brain damage by means of a mathematical model. The model includes the main biomechanical factors assumed to affect intracranial pressure, particularly cerebrospinal fluid (CSF) dynamics, intracranial compliance, and cerebral hemodynamics. Best fitting between model simulation curves and clinical tracings was achieved using the Powell minimization algorithm and a least-square criterion function. The simulation results demonstrate that, in most patients, the ICP time pattern cannot be explained merely on the basis of CSF dynamics but also requires consideration of the contribution of cerebral hemodynamics and blood volume alterations. In particular, only in a few patients (about 40% of total) the ICP monotonically returns toward baseline following the clinical maneuver. In most of the examined cases (about 60%), ICP exhibits an anomalous response to the same maneuver, characterized by a delayed increase after bolus injection and a delayed decrease after withdrawal. The model is able to explain these responses, imputing them to active intracranial blood volume changes induced by mechanisms controlling cerebral blood flow. Finally, the role of the main intracranial biomechanical parameters in the genesis of the ICP time pattern is discussed and a comparison with previous theoretical studies performed.
I. INTRODUCTION NTRACRANIAL pressure (ICP) is often monitored today
I in patients with cerebral diseases or acute brain damage. However, although there is general agreement that ICP monitoring may provide fundamental information as to the neurological status of these patients, the main biomechanical factors which affect its time course are still poorly or insufficiently understood [ 
11.
In recent years, an increasing number of mathematical models of intracranial dynamics have been proposed and different simulation studies performed in an effort to clarify the genesis of the ICP pattern in different physiological and pathological conditions [2]- [4] . These models are becoming progressively more complex and accurate. In particular, we recently developed an original mathematical model of the human cerebrospinal fluid (CSF) dynamics and cerebral hemodynamics, which takes the main biomechanical factors involved in ICP generation into account. With this model we In this preliminary work, we examine patient ICP time pattern during the so-called PVI tests, as described originally by Marmarou and co-workers [IO]- [12] . These tests consist of injecting or withdrawing a small amount of fluid from the intracranial space and measuring the consequent ICP time response. Such responses are believed to provide important information as to the status of the intracranial compartment. In particular, they allow determination of the so-called PressureVolume Index (PVI), which is related to intracranial elasticity [lo] , and the CSF outflow resistance.
The fundamental goals of this study were: 1) To simulate alterations in the main biomechanical factors which may affect the ICP pattern during PVI maneuvers, and 2) to test the capability of our model to reproduce real ICP patterns by adjusting just a few parameters with a clear clinical and physiological significance while, at the same time, providing a numerical value for these parameters in each patient.
It is worth noting that the model was originally conceived to investigate the complex biomechanical phenomena involved in cerebral hemodynamics and ICP changes. Hence, the number of equations, parameters, and biomechanical details is probably redundant for the purpose of routine clinical analyses. The present study may constitute a first step toward the construction of simplified versions of the same model more oriented to the clinical practice.
MODEL DESCRIPTION
A detailed description of all mathematical equations, their physiological significance, and the basal values of model parameters can be found in our previous works [5] , [8] . In the following, the final equations are reported again for the sake of completeness and their biomechanical and physiological meaning briefly discussed.
The main biomechanical principle adopted in the model is the constancy of the overall volume contained within the cranio-spinal space (Monro-Kellie doctrine). This principle 0018- states that any change in an intracranial volume (perhaps the arterial, arteriolar, or venous intracranial bloods or the cerebrospinal fluid) must be accompanied by an opposite change in the remaining volumes and by an intracranial pressure alteration. The possible interactions between the individual intracranial volumes have been described according to the electric analog of Fig. 1 .
The first two segments in the electric analog (denoted with the subscripts 1 and 2) represent the precapillary portion of the cerebrovascular bed, i.e., proximal pial arteries and small arterioles, respectively. The hydraulic resistance in these segments is assumed to be inversely proportional to the inner radius fourth power, according to the well-known Poiseuille law. Hence, we can write
where rj denotes inner radius in the j-th segment of the vascular bed, G j is the hydraulic conductance, and K R~ is a constant parameter.
The compliances, Cj, take blood volume changes at the level of proximal arteries and arterioles into account. Since blood volume, Vj, in cylindrical vessels is proportional to the inner radius second power, we have
where Kvj is a constant parameter, hence
(3)
A value for the inner radius in both segments, as a function of other intracranial hemodynamic quantities, is evaluated by imposing the equilibrium of forces in the vessel wall (Laplace law), i.e., (4) where Pj and hj are intravascular pressure and wall thickness in the j-th segment, Tj is wall tension (force per unit length), and Pic is the intracranial pressure.
Wall tension, in turn, is the sum of three distinct contributions, an elastic tension, T,, imputable to the passive Pjrj -P;,(T~ + h j ) = Tj j = 1 , 2 elements of the wall, a viscous tension, Tu, which opposes wall movement, and a muscular tension, T,, caused by vascular smooth muscle active contraction. Hence, According to various authors, elastic stress (T, (force per unit surface) at the arterial-arteriolar level exhibits a monoexponential dependence on wall strain. One can thus write
where k e j , roj, and u,,llj are constant parameters.
time derivative of wall strain. Accordingly, we have Viscous wall stress in our model linearly depends on the
where rlj denotes wall viscosity.
As is well-known, dependence of smooth muscle tension on inner vessel radius exhibits a campanular trend, which reflects the different overlapping of actine and myosine muscle filaments. This behavior has been reproduced through the following equation:
where rmj represents the value of inner radius at which smooth muscle exhibits its maximum tension, Tm0j, rtj, and nmj are constant parameters, and Mj is an activation factor which describes the effect of autoregulatory mechanisms on smooth muscle conctractility. When Mj > 0, we have active vasoconstiction, whereas the values Mj < 0 are associated with vasodilation.
Finally, the dependence of wall thickness on inner radius has been computed assuming that vessel wall is incompressible, hence the total wall volume remains constant. We obtain where roj and hoj are inner radius and wall thickness in a hypotetical "unstressed condition."
The latter portion in the electric analog of Fig. 1 represents the capillary and postcapillary cerebrovascular bed, including large cerebral veins down to dural sinuses. The compliance of large intracranial veins is inversely proportional to the local transmural pressure value, i.e., where P, is cerebral venous pressure and P,1 is a constant offset parameter.
Furthermore, we assume that during intracranial hypertension the terminal portion of the venous cerebral circulation (bridge veins and lateral lakes) collapses at its entrance into the dural sinuses with a mechanism similar to that of a Starling resistor [13]. This is reproduced assuming that the hydraulic conductance at the dural sinus level depends on local pressures through the following relationship:
where Pvs is pressure in the dural sinuses and G:, is a constant parameter denoting the value of conductance when Pi, = Pvs.
According to various authors [lo], [14] , the buffering capacity of the cranio-spinal system decreases exponentially when the intracranial pressure rises. Hence, the following equation for intracranial compliance has been adopted:
Parameter K E in (12) represents the so-called "elastance coefficient," as previously introduced by Avezaat et al. [14] .
Of course, the higher the value of K E , the lower the storage capacity of the craniospinal system.
The symbols G f and Go in Fig. 1 denote conductances to CSF formation and reabsorption, respectively. We assume that these processes are linear as long as the corresponding transmural pressure value is positive, but they fall to zero if transmural pressure becomes negative. The unidirectionality of CSF absorption and production is indicated by the presence of diodes in the electric analog of Fig. 1 .
Finally, according to the electric analog of Fig. 1 , venous return from dural sinuses to the heart is described through a simple wind-kessel circuit, i.e., the parallel arrangement of an extracranial venous conductance, Gve, and an extracranial venous compliance, Cve .
Differential equations describing intracranial dynamics can be written, according to the electric analog of Fig. 1 , by imposing the mass balance at the level of large pial arteries (13) small pial arteries (14) cerebral capillaries (15) large cerebral veins (16) and dural sinuses (17), i.e.,
The Heaviside step function, h( ), in (15) and (17) is used to represent unidirectionality of CSF absorption and production processes,
Finally, we must impose the constancy of the entire volume contained within the craniospinal cavity (Monro-Kellie doctrine)
where Ii denotes the rate at which mock CSF is injected into the craniospinal compartment during clinical tests.
In order to complete the model, the action of feedback mechanisms working on proximal arteries and small arterioles must be quantified. Accordng to recent physiological data [ 151, [16] , we assumed that proximal arterial segments are under the control of a pressure dependent regulatory mechanism, whereas small arterioles are regulated by a flow-dependent (metabolic) mechanism. Their dynamics are described through the following nonlinear first-order differential equations in the activation factors MI and M2 (see also (8)): 
The subsript n throughout (19) and (20) is used to denote optimal values around which the autoregulatory mechanisms exert their maximum strength.
The model has three input quantities, i.e., the cerebral arterial pressure (in the following, assumed equal to the systemic arterial pressure (SAP)), central venous pressure, and the rate at which mock CSF is possibly injected into the cranial cavity. Moreover, the model contains several parameters (see Table I ) any of which, at least in principle, may vary from one patient to another. However, in reproducing the ICP time pattern of patients with acute brain damage during PVI tests, we focused our attention only on a narrow set of parameters. The choice of these parameters is crucial and may help construction of simplified versions of this model in future works. They have been chosen on the basis of two main criteria: First, we focused attention on those parameters which are known to experiment significant well-documented alterations during severe brain damage, and second, we required large ICP sensitivity to the parameter change.
The chosen parameters are:
1) The ratio of CSF outflow to CSF formation conductances (KG = Go/Gf). 
Note that, with the dimensions commonly adopted in the clinical practice, we have a basal CSF outflow resistance R, = 1 J Go = 8.77 mmHg . min / ml and a basal resistance to CSF formation
2) The elastance coefficient of the cranio-spinal compartment (KE).
3) The gain and time constant of feedback regulatory mechanisms at the distal arterioles (Hz and 72, respectively).
It is worth noting that the first two factors included in this list (CSF circulation and cranio-spinal elasticity) are also taken into account in the equations traditionally used for assessing ICP dynamics. As a new concept, our model emphasizes the role of cerebral hemodynamic alterations and cerebral blood volume changes, induced by autoregulatory mechanisms, on the genesis of the ICP time course (point 3)). We shall see later that inclusion of these factors is essential to achieve a satisfactory interpretation of the ICP pattern in patients with preserved cerebral autoregulation.
The use of just four parameters to reproduce the ICP tracings during PVI maneuvers deserves a few comments. In a set of preliminary trials, we tried to reproduce clinical ICP curves by identifying a greater number of parameters. In particular, we tried to reach a separate estimation of CSF production and reabsorption conductances ( G f and Go) and of the gain and time constant of mechanisms working on proximal arterial
segments ( H I and T~) .
However, these simulations indicated that, in most patients, CSF reabsorption and production rates cannot be individually identified with sufficient accuracy. Just the ratio KG = G,/Gf can be carefully evaluated starting from clinical data available. Moreover, we also noticed that mechanisms working on proximal vessels only scarcely affect the ICP pattern following PVI tests. This is a consequence of the little blood volume contained in proximal arteries and the small active vasodilation that these vessels exhibit compared with distal arterioles.
Since activity of the autoregulatory mechanism on proximal vessels cannot be adequately estimated, we decided to neglect its role in the present study. Hence, we assumed H1 = 0. In other words, active blood volume changes are imputed entirely to vasodilation and vasoconstiction occurring at the level of distal arterioles.
With the previous choices, the number of parameters individually identified is reduced to four, each of them having a clear and distinct physiological significance.
METHOD

A. Clinical Procedure
Intracranial pressure monitoring was instituted in comatose trauma patients admitted to an intensive care unit. The measurement was done through a system composed of a ventricular catheter, a monitoring line commercially available (Cordis Intraventricular Pressure Monitoring Catheter with Stopcock 910-127) and a disposable transducer (Monitoring Kit Abbott, MK 5-04DTNVF) connected to a Siemens monitor (SIRE-CUST 1281 mod. 8791137). Arterial pressure was simultaneously measured through a catheter inserted into the radial artery and using the same monitoring device adopted for the ICP measurement. Arterial CO2 pressure and arterial oxygen content were carefully controlled in each patient: In particular, mild hyperventilation was used, keeping Pco2 between 30 and 35 " H g , while arterial saturation of hemoglobin was kept between 95 and 97%.
ICP and arterial pressure data were sent to a Macintosh IIcx computer through an AD converter (MacLab, World Precision Instruments), sampled at a rate of 20 Hz, and stored in the hard disk. The sampling rate is acceptable since the frequency content of pressure signals does not exceed 10 Hz. The silicon catheter was positioned in the surgical room; it was tunneled for about 5 cm under the scalp then inserted into the frontal horn of a lateral ventricle. All the pressure lines were filled with sterile saline; the transducer was zeroed, having the external acoustic meatus as reference point. 
The pressure-volume maneuver consisted in the injection or withdrawal of 1 to 4 mL of saline, according to the bolus technique described by Marmarou et al. [12] . In all the maneuvers, the injection rate was approximately f 0.66 mL/s. The patients were connected to a ventilator and under continuous sedation; in the case of respiratory problems, myorelaxant drugs were added. The PVI was tested every 12 h for the duration of the ICP monitoring; in order to minimize the fluctuations of the waveform related to artificial ventilation, the injection or the withdrawal were done at the same point of the respiratory cycle, possibly during the expiration phase. During the testing, and for 30 min before, every drug or nursing procedure capable of influencing the ICP was avoided.
The clinical status of all patients examined in this work, including coma scale and CT scan, is shown in Table II .
B. Model Identijcation
The model described in the previous section has been used to reproduce the ICP tracings of 18 patients with acute brain damage following bolus injection and withdrawal tests. A good fitting has been obtained by changing the four parameters K E , KG = G,/G,, H2, and 72. All the remaining parameters have been maintained at their basal level, except parameter H I for which the value H I = 0 has been assigned. However, in a single case (#5) parameter qn in (20) has been changed to establish a different lower limit for the autoregulation.
When analyzing the results of injection or withdrawal tests, we focused attention only on the average time values of ICP and SAP, i.e., cardiac and respiratory pulse waves were filtered from both signals. In particular, cardiac pulsatility was eliminated by means of an FIR band-stop numerical filter while respiratory pulsatility was eliminated by means of a 5-s moving average filter. The FIR numerical filter was designed using the Hamming window technique with 128 coefficients. As an example, in Fig. 2 we show a portion of the original ICP tracing in patient #2, obtained in response to a 2-mL bolus injection. In the same figure, the ICP tracing is also shown after filtration of the cardiac pulsatility and, finally, when the respiratory component was also eliminated. The latter signal was used to fit model response.
Best fitting was achieved by automatically minimizing a least square criterion function of the difference between model and experimental tracings. When computing this criterion function, however, we preliminary cut off all portions of the experimental curves containing artifacts induced by the maneuvers. As shown in Fig. 2 , in fact, significant peaks are superimposed on the ICP tracing at the maneuver time. These peaks may be due to force transmission from the syringe to the transducer. Alternatively, the peak may be due to bolus infusion and the subsequent fall may reflect a decrease of venous blood volume and spatial redistribution of the bolus. Since neither pressure spatial differences in the cranial cavity nor the dynamics of venous collapse have been included in the model (in particular, note that the Starling mechanism at the terminal veins is assumed to work with no delay, see (1 l)), ICP peaks and falls cannot be simulated.
Moreover, it is worth noting that all the experimental ICP signals used for parameter identification (see Figs. 3-7) were previously filtered. Due to the filtering process, artifacts The patient is classified as having efficient but slow autoregulation. In fact, arterioles progressively dilate following a reduction in cerebral perfusion pressure and ICP exhibits a paradoxical response. Note that the response to the first PVI test is significantly lower than the response to the third since the latter maneuver occurred with a decrease in systemic arterial pressure. Note the similarity between the latter response and the one shown in Fig. 3(a) . Dotted lines denote the filtered clinical tracings, while continuous lines are model simulation curves. All PVI tests were of f 2 mL, with the exception of the second maneuver in (a), where just a -1.6 mL was subtracted from the cranial cavity. Arterial pressure was rather constant throughout the observation periods.
function was achieved using the Powell method, which does not require user supplied partial derivatives [17]. An important assumption used throughout the present work is that the craniospinal system lies at an equilibrium condition before the first maneuver. The same assumption was also adopted by other authors who analyzed PVI maneuvers using mathematical models [ 101, [ 111. A relevant consequence of this assumption is that only tracings which exhibit a stable initial baseline can be adequately reproduced with the procedure presented here.
Since the equilibrium point in our model depends on the estimated parameters Go and H2, its value was numerically reevaluated at each step of the minimization algorithm. To this end, we first integrated the equations by maintaining arterial pressure at its initial constant level until all state variables settled at their equilibrium value. Computation of the criterion function was then perfomed at each step, starting from this equilibrium.
As is well-known, a good choice for the initial guess is of paramount importance when performing a nonlinear parameter estimation procedure. In about 3/4 of patients we found that the choice for the initial guess was not critical when running the minimization algorithm. However, in about 1/4 of patients, several different initial guesses had to be tried before arriving at a good estimate. This occurred when working with patients who exhibited strong and rapid autoregulatory mechanisms with low intracranial compliance. In these cases, in fact, intracranial feedback mechanisms work with a low stability margin, and even modest changes of parameters may cause significant alterations in model response.
Once an optimal choice for the parameters was obtained, a covariance matrix for the estimates was computed. By denoting with p the set of parameters, and with p the final least square estimates, an asymptotic approximation of the covariance matrix, V, can be obtained as follows where n2 is the estimate of error variance Starting from knowledge of the covariance matrix, a 90% confidence interval for each 'parameter was computed as follows: pi f Jm. t0,95(0O) = 6; f Jm * 1.645.
The total degree of freedom to determine the appropriate Student's t distribution was set to 00 since we had more than 200 data points available for each patient. Table I11 shows the estimated values of the parameters KG, K E , H2, and 72, normalized with respect to the value reported in Table I , for each of the 18 patients examined in this work, together with 90% confidence intervals.
I v . RESULTS
As is clear from *: in this patient we used a value qn = 10 cm% (see Eq. 20) to shift the lower autoregulation limit towards higher ICP levels.
In the following, we shall conventionally assume that a patient has defective autoregulation if the autoregulation gain is decreased to a value lower than about 1/3 of the basal one (H2/Hzn < 0.3) and/or the autoregulation time constant is significantly increased ( T~/ T~~ > 1.5-2).
A first example of the obtained results is shown in Fig. 3(a) , with reference to a patient (#4) classified with impaired autoregulation. In the same figure, the time pattern of the filtered SAP, used as input to the model (Fig. 3(b) ) and the simulated patterns of arteriolar radius and tissue cerebral blood flow (Fig. 3(c) and (d) ) are also presented. A first aspect emerging from examination of Fig. 3(a) is that the model fails to reproduce the ICP pattern during the first 30 s following a bolus withdrawal. This discrepancy is not characteristic of this patient only, but was also observed in a few other cases. Possible reasons will be discussed in the final section of this work.
As is evident from Fig. 3(a) , the ICP response in this patient exhibits a traditional pattern, characterized by a monotonic return of ICP toward baseline following the injection test. Moreover, as is clear from Fig. 3(b) , arterial pressure exhibits a slow but progressive decrease which causes a significant reduction in cerebral perfusion pressure (CPP). Despite the CPP decrease, however, the model does not predict any active increase in arteriolar radius (Fig. 3(c) ). Rather, arteriolar radius and, consequently, model CBF (Fig. 3(d) ) show a passive dependence on CPP, in accordance with the hypothesis of defective autoregulation.
A second example is presented in Fig. 4 , with reference to a patient (#9) with strong but slow autoregulation. As is clear from Fig. 4(a) , the ICP pattern in this patient exhibits an anomalous or paradoxical trend. Model simulations impute this anomalous behavior to an active dilatation of pial arterioles (Fig. 4(c) ) and to the consequent active changes in cerebral blood volume. Furthermore, looking at Fig. 3(b) , we can note that arterial pressure remained pretty constant following the first maneuver, whereas it decreased significantly after the third. As a consequence, a relevant arteriolar vasodilation occurred after the third maneuver (Fig. 4(c) ) which, in turn, elicited a disproportional ICP raise. Finally, the pattern of model CBF shown in Fig. 4(d) indicates that the presence of autoregulation is important in this patient to protect the brain against acute ischemia during perfusion pressure changes. We can observe that CBF remains quite constant until CPP falls down to about 60 " H g (lower limit of autoregulation), after this point CBF starts to decrease.
A few other examples of model fitting to clinical ICP tracings are shown in Fig. 5 , with reference to patients having different autoregulation behavior.
The patient of Fig. 5(a) Fig. 3(a) . Note that, in this case too, our model fails to reproduce the ICP response immediately after the withdrawal maneuver.
In patients with impaired autoregulation whose ICP monotonically returns toward baseline, it might be interesting to compare the responses of our equations with those derived through the well-known Marmarou model [lo], [ l l ] often used in the clinical practice. An example of such a comparison is shown in Fig. 6 , with reference to patients #4 and #11. As is clear from this figure, the ICP time patterns computed with our model exhibit better fitting to the real data. There are two major differences in the obtained results. First, as shown in the legend to Fig. 6 , the values of CSF outflow furnished by our model are significantly lower than those computed with Marmarou equations. Second, Marmarou model requires two different values for the craniospinal elasticity, one for the injection and the second for the withdrawal test, whereas a single elasticity coefficient ( K E ) was sufficient in our model to reproduce the ICP response to several consecutive maneuvers. Nevertheless, it is interesting to note that the average value of coefficient KE in Marmarou model turns out in excellent agreement with that obtained through our minimization algorithm (see legend to Fig. 6 ).
We did not perform a comparison between our and Marmarou models as to patients with preserved autoregulation. In these cases, in fact, ICP shows an irregular or paradoxical trend which cannot be adequately reproduced with Marmarou mono-exponential equations.
A. The ICP Pulse Amplitude
The model presented above revealed itself able to reproduce the time pattern of the filtered ICP following PVI tests by adjusting just four parameters. In particular, no parameter in proximal arterial segments was individually estimated. With this choice, however, the model cannot reproduce the ICP pulse amplitude. In fact, ICP pulsatility does not only depend on the degree of vasodilation and smooth muscle relaxation at the level of pial arterioles, but is also significantly affected by the compliance of proximal arteries. For our model to describe ICP pulsatility, a few parameters in proximal arteries must also be estimated.
By way of example, let us consider patient #7, whose filtered ICP response and filtered SAP are shown in Fig. 7(a) and (b) , respectively. By estimating just four parameters, the model can reproduce the average ICP pattern rather well, although passive ICP oscillations in phase with the arterial pressure are slightly underestimated (Fig. 7(a) ). It is worth noting that the patient is classified as having impaired autoregulation (Table  111) , although his ICP pattern does not exhibit a traditional monotonic trend. This is a consequence of the significant alterations in systemic arterial pressure (Fig. 7(b) ) passively transmitted to the cranial cavity. Let us now look at the ICP pulse amplitude syncronous with the cardiac beat. Using the same values of model parameters as in Tables I and I11 and introducing the pulsating SAP as input to the model, we obtain the simulated ICP pulsatility shown in Fig. 7(c) . As is clear from this figure, the model underestimates the experimental ICP pulse amplitude. One might improve the similarity between model and real ICP pulsatility by increasing the elastance coefficient KE (i.e.. assuming a more rigid craniospinal compartment); however, in this case, the ICP response to PVI tests would become excessively high. A simple way to maintain an accurate description of PVI tests at the same time reaching proper reproduction of ICP pulsatility may consist in modifying a few parameters at the proximal arterial level. An example is shown in Fig. 7(d) where we decreased the values of smooth muscle tension (T,ol = 25 . lo3 dydcm') in the first segment of Fig. 1 . This change causes a moderate increase in the compliance of proximal arteries which, in turn, is reflected in an increase of ICP pulse amplitude. As a consequence, ICP pulsatility is now reproduced with good accuracy without appreciable modifications in the results of PVI tests.
Analogous examples have been tested as to other patients but are not presented here for the sake of brevity.
V. DISCUSSION
This work constitutes a first attempt to analyze clinical ICP tracings in humans using a mathematical model which includes all the main biomechanical factors involved in intracranial dynamics. Traditional quantitative approaches used in clinical practice, in fact, focus their attention especially on equations describing CSF dynamics and intracranial compliance, whereas the status and influence of cerebral hemodynamics is usually neglected.
The present simulations strongly indicate that cerebral blood volume changes play a pivotal role in determining the ICP time pattern following PVI tests. In particular, we observed that only in a few patients does the pattern of ICP following PVI maneuvers exhibit a monotonic return to baseline. Looking at the behavior of comatose trauma patients in the computer data base, we noted that less than 40% of them responded to PVI tests in a traditional fashion. Most patients exhibited an anomalous response. Achieving a clear understanding of why these responses occur may be of the greatest clinical value: First, these responses may be dangerous for the patient producing relevant and often uncontrollable ICP changes even in response to modest perturbations (look, for instance, to the responses of Figs. 4(a) and 5(a)) ; second, the pattern of these responses may provide fundamental information as to the status of mechanisms regulating CBF, hence as to the status of cerebral perfusion.
The way our model describes the ICP pattern in patients with impaired autoregulation is only in part similar to that proposed by Marmarou. In Marmarou model, the monotonic return of ICP toward baseline can be explained through a balance between a constant CSF production rate, a pressuredependent CSF reabsorption rate, and the storage capacity of the craniospinal system. Our model introduces two new aspects. First, the CSF production rate is not constant, but depends rather on the level of capillary transmural pressure, and so on cerebral blood flow. Hence, in patients with impaired autoregulation, the CSF production rate significantly decreases during intracranial hypertension. Second, possible SAP changes may cause passive alterations in cerebral blood volume which, in turn, may sharply modulate the monotonic ICP time pattern. By way of example, let us look at the ICP pattern of patient #4 (Fig. 3(a) ). Our model imputes the progressive ICP decline in this figure in part to the decrease in CSF production rate and in part to the passive cerebral blood volume fall induced by arterial hypotension (Fig. 3(c) ), while CSF circulation is assumed to be significantly impaired ( K c / K c n = 0.079). On the contrary, if Marmarou equations are used (see Fig. 6 ), CSF outflow does not appear to be significantly reduced. Looking at the results of Fig. 6 , we can say that our equations predict a value of CSF outflow conductance significantly lower than that computed using Marmarou equations.
Different opinions on the role of the outflow resistance in the etiology of intracranial hypertension can be found in recent literature. For instance, Marmarou et al. reached the conclusion that the increase in CSF outflow resistance can explain only a small portion of intracranial hypertension in head injured patients. According to their results, some vascular factors could be more responsible for the elevated ICP basal level [12] , [21] . Note that, in the equations proposed by Marmarou et al. [12] , the vascular factors should produce an increase in dural sinus pressure so they should originate from alterations in the extracranial venous pathways. On the contrary, other authors who used either the steady state infusion method or the bolus injection technique to measure CSF outflow resistance [22] - [24] reached the opposite conclusion: According to them, CSF outflow resistance is greatly elevated in the head injury or hydrocephalus and intracranial hypertension is mainly a consequence of the impairment in CSF outflow.
Our results indicate that, at least in some patients, a rapid ICP return toward baseline following PVI tests might be explained by using pressure-dependent formulas for CSF production, and taking passive blood volume changes into account, without the need to hypothesize a rise in dural sinus pressure, i.e., without introducing vascular alterations in venous extracranial pathways.
However, it is remarkable that in this study predictions of our model were compared only with those obtained using Marmarou model. Other equations, often used in the clinical practice-such as those developed by Mann et al. [25] , [26] -have not been tested here. The aforementioned authors hypothesized a more sophisticated mechanism for CSF absorption involving nonlinear equations. It may be useful in future studies to include nonlinear equations for CSF production and reabsorption processes in the present model and analyze whether the use of these equations might further improve model fitting to clinical data.
In a second and more numerous class of patients we were able to simulate anomalous ICP responses to PVI tests by imputing them to active cerebral blood volume changes induced by autoregulatory adjustments. In support of this hypothesis, we also observed that ICP alterations in these patients are opposite to perfusion pressure spontaneous changes. For instance (see Fig. 4(a) ), a decrease in SAP may evoke a large, sometimes disproportionate ICP increase. The existence of anomalous responses to PVI tests has been already reported in the physiological literature [27] , [28] ; however, this phenomenon has received only scarce attention until now.
From a clinical point of view, it is interesting to note that the presence of effective mechanisms regulating CBF in patients with acute brain damage may sometimes have a harmful rather than a benefical effect. In fact, the maintenance of a stable ICP baseline may become critical in these patients owing to active changes in cerebral blood volume: As shown in Figs. 4(a) and 5(a), even small perturbations may produce significant, often uncontrollable alterations in the ICP level. This is only an apparent paradox. Mechanisms regulating CBF, in fact, work properly only within an intracranial compartment with normal compliance and normal CSF outflow. In such a condition, active changes in cerebral blood volume are first buffered by the craniospinal storage capacity and then more effectively compensated by CSF outflow. On the contrary, in patients whose intracranial dynamics are altered, the action of mechanisms regulating CBF is no longer compensated, so its effect on ICP may easily become dramatic.
It is worth noting that plateau waves were never seen in our patients. In a few cases (especially patients with high autoregulation gain), we sometimes observed aperiodic irregular ICP fluctuations. In a previous work [8], we determined conditions on model parameters which may lead to instability of the equilibrium point and generation of self-sustained ICP oscillations. In no patient examined in this work were these conditions met, i.e., the estimated values of CSF outflow resistance, intracranial elastance coefficient, and autoregulation gain were not so high as to induce sustained ICP waves. However, in a few cases (especially patient #5), the condition was very proximal to the instability, hence large ICP changes were easily produced even in response to modest perturbations.
Finally, we could not find any clear correlation between the CPP value and the estimated value of the autoregulation gain.
Hence, impairment of CBF autoregulation in some patients does not mean that CPP is too low but rather that CBF control mechanisms are unable to work properly even in the central autoregulation pressure range. This is probably a consequence of the acute brain damage.
Although in most of the examined patients the model revealed itself able to describe ICP curves following PVI tests quite well, in a few cases we encountered some problems and limitations in model's applicability. These problems are presented below and briefly discussed. 1) In a few patients with intact autoregulation, ICP reached values as great as 40-50 " H g and cerebral perfusion pressure was proximal to the autoregulation lower limit. However, the autoregulation limits are not the same in all patients but may significantly vary from one subject to another, depending on various possible causes (among others, brain metabolism and blood gas content [29] ). This means that in certain patients the use of a single parameter (the gain H2) may be insufficient to adequately describe active blood volume changes in the entire examined CPP range. In particular, when working with patient #5, we found it necessary to modify parameter qn in (20) besides H2 to fit model responses to clinical data. According to (20), in fact, a change in parameter qn shifts the autoregulation curve either upward or downward, hence can be used to establish a more adequate autoregulation lower limit.
We think that more accurate estimations of the entire nonlinear autoregulation curve, including not only the autoregulation gain but also the saturation level, may become necessary in future works to attain better reproduction of intracranial dynamics in patients with unstable ICP tracings and large CPP variations. Moreover, some of these patients might not exhibit a stable baseline [30] . The absence of a stable baseline may introduce new problems in the estimation algorithm, 2) As indicated in Section IV, in a few cases we had some difficulties reproducing the ICP response during the first 30 s following a bolus withdrawal (see Figs. 3(a) and 5(d) ). The occurrence of unpredictable changes in the intracranial volume content during bolus withdrawal might depend on a transient vasoconstriction, perhaps myogenic in nature, or on a partial collapse of the dural sinuses, as suggested by Avezaat and van Eijndhoven [31] . However, these hypotheses are only speculative at present and further trials should be performed to definitely assess the possible origin of PVI anormalities during withdrawal tests.
A further important aspect arising from our study is that a variety of biomechanical factors, including those in proximal vessels, may affect ICP pulsatility. As pointed out by van Eijndhoven and Avezaat [32] , the ICP pulse amplitude depends on the amount of pulsating arterial blood volume, venous blood volume changes, and intracranial storage capacity. The first term, in turn, is affected not only by the degree of vasodilation at the pial arteriolar level (hence by autoregulation), but also by compliance in larger proximal arteries. Indeed, Cardoso et al. [33] observed that narrowing of large conducting intracranial arteries, as observed in subarachnoid hemorrhage, may cause a reduction of ICP pulsatility. Furthermore, as suggested by van Eijndhoven and Avezaat, under some conditions the ICP pulse wave may be especially determined by venous blood volume ~ -539 changes. In the present model, according to the Starling mechanism, an increase in ICP leads to a parallel increase in cerebral venous pressure, hence changes in transmural pressure and venous blood volume at the capacity Cui are always rather modest. More complex modeling of the collapsing veins and cerebral venous volume changes may be required to gain better understanding of ICP pulse amplitude or to describe rapid ICP peaks and falls as those occurring in the first seconds following the injection maneuvers.
In conclusion, the present study demonstrates that ICP dynamics during PVI tests can be explained quite well in most patients with acute brain damage but this requires accurate analysis of cerebral hemodynamics and blood volume changes, besides a description of CSF circulation and intracranial storage capacity. The next step will be to develop a reduced version of the same model in which the essential biomechanical factors underlined by the present analysis will be described in a much simpler form. The present model, in fact, is still too complex to be routinely used in a clinical context such as a neurosurgical intensive care unit. The most appropriate model, suitable for patient's treatment, probably lies between the present one and Marmarou model. In this regard, it is worth noting that the construction of a reduced model may benefit from the major indications provided by the present study, especially ICP sensitivity to alterations in certain hemodynamic parameters. Once a simplified model is available, quantitative classification of neurosurgical patients may be attempted directly in a clinical environment.
